Background: The silencing of tumor suppressor genes (TSGs) by aberrant DNA methylation occurs frequently in acute myeloid leukemia (AML). This epigenetic alteration can be reversed by 5-aza-2'-deoxcytidine (decitabine, 5-AZA-CdR). Although 5-AZA-CdR can induce complete remissions in patients with AML, most patients relapse. The effectiveness of this therapy may be limited by the inability of 5-AZA-CdR to reactivate all TSGs due to their silencing by other epigenetic mechanisms such as histone methylation or chromatin compaction. EZH2, a subunit of the polycomb repressive complex 2, catalyzes the methylation of histone H3 lysine 27 (H3K27) to H3K27me3. 3-Deazaneplanocin-A (DZNep), an inhibitor of methionine metabolism, can reactivate genes silenced by H3K27me3 by its inhibition of EZH2. In a previous report, we observed that 5-AZA-CdR, in combination with DZNep, shows synergistic antineoplastic action against AML cells. Gene silencing due to chromatin compaction is attributable to the action of histone deacetylases (HDAC). This mechanism of epigenetic gene silencing can be reversed by HDAC inhibitors such as trichostatin-A (TSA). Silent TSGs that cannot be reactivated by 5-AZA-CdR or DZNep have the potential to be reactivated by TSA. This provides a rationale for the use of HDAC inhibitors in combination with 5-AZA-CdR and DZNep to treat AML. Results: The triple combination of 5-AZA-CdR, DZNep, and TSA induced a remarkable synergistic antineoplastic effect against human AML cells as demonstrated by an in vitro colony assay. This triple combination also showed a potent synergistic activation of several key TSGs as determined by real-time PCR. The triple combination was more effective than the combination of two agents or a single agent. Microarray analysis showed that the triple combination generated remarkable changes in global gene expression.
Background
Epigenetic mechanisms that control gene expression play an important role in leukemogenesis [1, 2] . Aberrant DNA methylation that silences the expression of tumor suppressor genes (TSGs) occurs frequently in patients with acute myeloid leukemia (AML) and can be used to predict the outcome of therapy [3, 4] . The importance of this epigenetic modification is illustrated by the use of the inhibitor of DNA methylation, 5-aza-2'-deoxcytidine (5-AZA-CdR, decitabine), to treat AML [5] [6] [7] [8] . However, most AML patients induced into complete remission with 5-AZA-CdR will relapse, which provides a rationale to search for other agents to use in combination to increase the effectiveness of the therapy.
An attractive target in AML is the histone methyltransferase EZH2 [9] , a subunit of the polycomb repressive complex 2 (PRC2). Repression of PRC2 target gene transcription occurs by the trimethylation of histone 3 at lysine 27 (H3K27) to H3K27me3 by EZH2 [10] . Overexpression of EZH2 is frequently observed in AML [11] and can block the differentiation of myeloid cells [12] . Additionally, the ectopic expression of EZH2 in murine hematopoietic cells results in excessive myeloid proliferation in bone marrow [13] . These findings suggest that EZH2 plays an important role in leukemogenesis. Reduction in the level of EZH2 by 3-deazaplanocin-A (DZNep), a competitive inhibitor of S-adenosyl-L-homocysteine hydrolase, inhibits the proliferation of AML cells [14] . There is a cross-talk between DNA and histone methylation [15] in which genes marked by the presence of EZH2 recruit DNMT1 [16] and show a higher frequency of DNA methylation in cancer [17] . These findings provided a rationale for using 5-AZA-CdR in combination with DZNep to treat AML by targeting two different epigenetic gene-silencing mechanisms. We previously reported that the combination of these epigenetic agents had potent antineoplastic interaction against AML cells [18] .
In an attempt to optimize this epigenetic therapy of AML, we investigated whether the reversal of a third gene-silencing mechanism would further enhance the anti-leukemic action of 5-AZA-CdR plus DZNep. Epigenetic gene silencing can also be due to the conversion of open chromatin to a compact configuration by histone deacetylase (HDAC). HDAC inhibitors can reverse this block and show potential for the treatment of leukemia [19] . There is also a cross-talk between DNA methylation and HDAC to silence gene expression. The mechanism is due to the attachment of a 5-methylcytosinebinding protein to the target gene promoter, which is followed by the recruitment of HDAC [20] . The importance of this interaction in AML cells is shown by the synergistic activation of the TSG CDKN2B (p15) by 5-AZA-CdR plus the HDAC inhibitor, trichostatin-A (TSA) [21] . 5-AZA-CdR plus HDAC inhibitors show interesting antineoplastic activity against leukemia in both the laboratory [22] and clinic [23] .
The cross-talk between DNA methylation, histone methylation, and histone deacetylation provides a rationale for using a combination of epigenetic agents that target these three gene-silencing mechanisms. In this report, we investigated the antineoplastic action of the combination of 5-AZA-CdR, DZNep, and TSA on AML cells. This combination of three epigenetic agents shows remarkable anti-leukemic activity against leukemic cells.
Results

Growth inhibition and reduction in survival of AML cells by combination of epigenetic agents
In previous reports from our laboratory we demonstrated that the antineoplastic activity of 5-AZA-CdR and DZNep or an HDAC inhibitor was synergistic on myeloid leukemia cell lines [18, 22] . Our objective was to determine if the triple combination of these agents would be more effective than single or double combinations. The experimental approach was to treat AML cells with 5-AZA-CdR followed by the addition at 24 h of DZNep and TSA using concentrations as indicated in the legends. We used a sequential drug treatment that started with 5-AZA-CdR and was followed by histone modifiers because cell cycle analysis indicates that both DZNep and TSA can inhibit the progression of G1 cells into the S phase [14, 19] . Because 5-AZA-CdR is S phase-specific, any block in the transit of the cells into the S phase induced by DZNep or TSA could allow some leukemic stem cells to escape the antineoplastic action of 5-AZA-CdR. At 48 h post drug treatment, the inhibition of cell growth was measured and the leukemic cells were plated in soft agar for colony assay. For both HL-60 ( Figure 1A ) and AML-3 ( Figure 1B ) cells, the triple combination produced a significantly greater inhibition of growth than either the single or double agents, except for the combination of DZNep plus TSA, which was not significant.
A colony assay was performed to determine the survival of the leukemic cells produced by each individual agent and the different combinations of these agents. For both HL-60 ( Figure 1C ) and AML-3 ( Figure 1D ) cells, the triple combination produced a significantly greater reduction of survival than either the single or double agents. No HL-60 cells survived following treatment with the triple combination, whereas for AML-3 cells, only <2% survival was observed. The combination of DZNep plus TSA showed remarkable anti-leukemic activity as indicated by only 7.0% and 7.8% survival for the HL-60 and AML-3 cells, respectively ( Figure 1C and D) . Single agent treatment alone showed >64% and >45% survival for HL-60 and AML-3 cells, respectively.
Induction of apoptosis on AML cells by combination of epigenetic agents
Since drug resistance can be due to the suppression of apoptosis [24] , we investigated the activity of the epigenetic agents alone and in combination on this parameter. DZNep was reported to induce apoptosis in myeloid leukemia cells [14] and tumor cells [25] . The induction of apoptosis by 5-AZA-CdR, DZNep, and TSA on the myeloid leukemia cell lines was evaluated by AnnexinV-PI staining (Figure 2 ). The concentration of these agents and exposure time were identical to that used for the growth and colony assay. For the AML-3 cells, as single agents or 5-AZA-CdR plus DZNep or plus TSA produced less than 15% apoptosis (Figure 2A ). The combination of TSA plus DZNep produced 41.7% apoptosis as compared to 76.4% apoptosis by the triple combination, a synergistic interaction for both combinations as compared to the respective single agents or double combinations. The triple combination produced the most potent apoptotic activity. For the HL-60 cells, as single agents 5-AZA-CdR or DZNep produced less than 15%, and TSA alone produced 27.1% apoptosis ( Figure 2B ). 5-AZA-CdR plus DZNep or 5-AZA-CdR plus TSA produced 17.8% and 23.1% apoptosis, respectively. The TSA plus DZNep combination showed a synergistic induction of apoptosis of 75.8%, whereas the triple combination produced a greater apoptotic activity of 91.3%. For both these combinations the interaction was synergistic as compared to single agents or double combinations. 
Cell cycle perturbations of AML cells by combination of epigenetic agents
Since both DZNep and HDAC inhibitors are known to inhibit cell cycle progression [14, 19] , we analyzed the effect of the epigenetic agents alone and in combination on the cell cycle of the HL-60 and AML-3 leukemic cells by flow cytometry (Figure 3 ). Drug concentrations were identical as in Figure 1 and analysis was performed at 48 h. For AML-3 cells, TSA alone increased the fraction of cells in G1/G0 to 55% as compared to 45% for the control and decreased the fraction of cells in the S phase to 18% as compared to the control of 32% ( Figure 3A ). These data suggest that TSA blocks the progression of G1 cells into the S phase and supports the rationale for sequential treatment of 5-AZA-CdR followed by TSA. For both cell lines, the double combination of DZNep plus TSA and the triple combination produced a remarkable synergistic increase in the fraction of cells in sub-G1 phase ( Figure 3A and B). These latter data correlate with the induction of apoptosis by these combinations (Figure 2 ).
Changes in gene expression in AML cells induced by combination of epigenetic agents
In order to understand some of the molecular changes that take place in the leukemic cells, we analyzed the expression of several target genes that may play a role in leukemogenesis using real-time RT-PCR. For HL-60 cells, the triple combination produced a synergistic activation of the following genes: CDKN1A (p21), FBXO32, CD86, and SPARC ( Figure 4 ). For AML-3 cells, the triple combination produced a synergistic activation of the following genes: CDKN1A (p21), EGR3, FBXO32, CD86, and CDKN2B (p15) ( Figure 5 ). For both cell lines, each agent alone and in double combination produced an increase in expression of these genes that was much less than the triple combination. For the double combinations on HL-60 cells (Figure 4 ), the TSA plus DZNep combination showed a synergistic activation for CDKN1A, FBXO32, CD86, and SPARC as compared to each agent alone. The 5-AZA-CdR plus TSA combination showed a synergistic activation for SPARC. The 5-AZA-CdR plus DZNep combination showed a synergistic activation for EGR3, CD86, and SPARC. For the double combinations on AML-3 cells ( Figure 5 ), the TSA plus DZNep combination showed a synergistic activation for all the genes. The 5-AZA-CdR plus TSA combination showed a synergistic activation for all the genes except CDKN1A. The 5-AZA-CdR plus DZNep combination showed a synergistic activation for only SPARC.
Microarray analysis of AML-3 cells following the treatment with the epigenetic agents was performed on genomewide gene expression data and focused on the cohort of the top 1,000 genes that showed greatest increase in gene expression by the triple combination ( Figure 6 Table S1 ).
Reduction in survival of AML cells by a combination of different epigenetic agents
DZNep is reported to be a global histone methyltransferase inhibitor that is not only specific for EZH2 [26] . In order to demonstrate that EZH2 is the primary target of DZNep, we replaced this analogue by GSK-126, a specific inhibitor of EZH2 [27] . For AML-3 cells, the combination of 5-AZA-CdR, GSK-126, and TSA showed a similar synergistic interaction in a colony assay as the triple combination that contained DZNep ( Figure 7A ). It should be noted that the DZNep plus TSA combination was much more potent than GSK-126 plus TSA. Figure 7C ) and HL-60 ( Figure 7D ) are similar to those in Figure 1 .
Discussion
There are several possible approaches that can be used to increase the therapeutic efficacy of AML therapy. The first approach is to optimize the dose schedule of 5-AZA-CdR [29, 30] . Responses in patients with AML can be obtained with both low [5] [6] [7] [8] and high doses of 5-AZA-CdR [31, 32] . A second approach is to avoid the development of drug resistance to 5-AZA-CdR. We reported previously that drug resistance to this analogue due to deficiency in deoxycytidine kinase (the enzyme that activates this prodrug) could be overcome with the use of 3-deazauridine [33] . A third approach is to enhance the epigenetic action of 5-AZA-CdR on gene expression by its use in combination with other epigenetic agents.
In AML patients, gene-specific hypomethylation induced by 5-AZA-CdR does not always correlate with mRNA expression or leukemic blast count in bone marrow [34, 35] . Genes silenced by DNA methylation may escape reactivation by 5-AZA-CdR if they contain the repressive marker, H3K27me3 [36] . If after 5-AZA-CdR treatment, the H3K27me3 mark is not removed, it can serve as a nidus for DNA re-methylation and gene resilencing [36, 37] . This removal of the H3K27me3 mark can be accomplished by the use of DZNep. The advantages of using DZNep in combination with 5-AZA-CdR are three fold. First, DZNep can reduce the H3K27me3 gene-silencing mark to activate the expression of genes that are demethylated, but not activated, by 5-AZA-CdR [36] . Second, DZNep can activate the expression of a unique cohort of genes compared to 5-AZA-CdR [38] . In both cases, a substantial number of genes are reactivated by the combination more so than either agent alone, resulting in greater anti-leukemic activity. Third, this combination of epigenetic agents can target the reactivation of genes that program cellular differentiation [12] . Our previous report shows that DZNep interacts synergistically with 5-AZA-CdR to activate gene expression and reduce leukemic cell survival [18] . This interesting drug interaction can be explained in part by the reversal of the "double lock" epigenetic mechanism for gene silencing by DNA and histone methylation. Some investigators state that DZNep is not an ideal agent for targeted therapy because it is a global inhibitor of histone methyltransferases and is not specific for EZH2 [26] . However, it should be noted that DZNep shows potent antineoplastic activity against AML cells [14, 18] . In support of EZH2 as a target for DZNep is our observation that replacement of this analogue by the specific inhibitor of EZH2, GSK-126 [27] , provides similar results with respect to its interaction with 5-AZACdR on AML cells ( Figure 7A ). Overexpression of EZH2 in myeloid malignancies suggests that it functions as an oncogene [39] . However, loss-of-function mutations in EZH2 indicate that it may also function as a TSG in leukemia [39] . In the latter case, EZH2 inhibitors alone may not be appropriate agents for treating leukemia with this genetic abnormality. This question can be resolved by in vitro colony assays to test the sensitivity to DZNep of AML cells with EZH2 loss-of-function mutations. It should be noted that the action of 5-AZA-CdR and HDAC inhibitors may abolish the oncogenic potential of EZH2 inhibitors when used in combination. More studies are required to clarify the role of EZH2 mutations in the therapy of hematologic malignancies. Another epigenetic mechanism of gene silencing is the conversion of open chromatin to a compact configuration by the action of HDAC. Its importance is illustrated by the positive interaction of 5-AZA-CdR with HDAC inhibitors to reactivate silent TSGs [21] and to inhibit the growth of leukemic cells [22] . Clinical trials on 5-AZA-CdR in combination with the HDAC inhibitor, valproic acid, was shown to induce complete response in some patients with AML [23, 40] . There are also advantages to use HDAC inhibitors in combination with 5-AZA-CdR to treat AML. 5-AZA-CdR treatment only demethylates approximately half of the genes that are silenced by the presence of 5-methylcytosines in their promoter region [36, 41] . This indicates that 5-AZA-CdR has a limited capacity to reactivate all silent TSGs and some leukemic stem cells escape its therapeutic action. It is important to note that HDAC inhibitors, as single agents in some cases, can activate genes silenced by DNA methylation [41] . Because the combination of HDAC inhibitors with 5-AZA-CdR has the potential to reactivate more silent TSGs than either agent alone, this will result in a marked enhancement of its anti-leukemic action. Our data are in accordance with this statement (Figure 1 and 7) .
The triple combination of different epigenetic agents merits investigation in patients with advanced AML. This will require the approval of DZNep for clinical trials. TSA can be replaced by MS-275 (entinostat), an HDAC inhibitor that is approved for clinical studies and that shows some activity in patients with AML [28] . MS-275 had an interaction with 5-AZA-CdR that was similar to TSA with respect to the survival of leukemic cells ( Figure 7B) . Additionally, the combination of 5-AZA-CdR, GSK-126, and MS-275 also had a synergistic interaction against AML-3 ( Figure 7C ) and HL-60 cells ( Figure 7D ).
Curative therapy for AML requires the complete eradication of the proliferative potential of a very large number of leukemic stem cells. Leukemic cells containing TSGs silenced by more than one epigenetic mechanism may have the potential to escape 5-AZA-CdR therapy. The chemotherapeutic action of 5-AZA-CdR may be related not only to the reactivation of specific TSGs, but it may also be dependent on the total number of genes reactivated. This goal can be achieved by the use of a combination of agents that reverse the "triple lock" epigenetic mechanisms of gene silencing: DNA methylation, histone methylation, and deacetylation. It should be noted that each of these agents activates different cohorts of genes with minimal overlap [18, 38] . We show that targeting the "triple lock" epigenetic silencing mechanisms by the combination of 5-AZA-CdR, DZNep, and TSA has a remarkable synergistic antineoplastic interaction on AML cells. The combination of these three epigenetic agents showed a synergistic reduction in the survival of AML cells as determined by a colony assay that was greater than observed with either single or double agent treatment (Figure 1 Control or untreated cells are labelled as C. The cells were treated with 50 nM 5-AZA-CdR, and, at 24 h, 1,000 nM DZNep and/or 40 nM TSA were added to the medium. At 48 h RNA was isolated for microarray analysis as described in Methods. The cluster diagram is a two-way clustering using the Ward method of the top 1,000 most up-regulated genes in response to the triple combination (A + D + T) relative to the control (C). The data plotted is log2 transformed, quantile normalized, and scaled to equal variance. The colors (blue to yellow to red) represent the spectrum of gene expression variation between conditions from low to high.
triple combination showed a remarkable synergistic induction of apoptosis in the AML cells (Figure 2 ). Resistance to the induction of apoptosis by chemotherapy is one of the hallmarks of cancer and can allow for the survival of malignant cells following drug treatment [24] . The notable changes in gene expression following the treatment of AML cells with the three epigenetic agents is most likely the major mechanism responsible for its chemotherapeutic action. Quantitative real-time PCR showed a remarkable synergistic reactivation by the triple combination of several genes: CDKN1A (p21), EGR3, FBXO32, CD86, SPARC, and CDKN2B (p15), which correlated with its antineoplastic action (Figures 4  and 5) . All of these genes have some relationship with leukemogenesis [14, [42] [43] [44] [45] [46] [47] . The cyclin-dependent kinase inhibitor, CDKN2B (p15), is frequently silenced by DNA methylation in AML [42] . In addition, some AML cells with CDKN2B DNA methylation can also contain the H3K27me3 marker [43] . Microarray analysis shows that the triple combination activated the expression of a large set of genes to a much greater extent than either agent alone or the combinations of two agents ( Figure 6 ). These data are similar to those obtained with breast carcinoma cells treated with the triple combination at higher concentrations and on a different schedule [38] . The remarkable changes in the global gene expression may play an important role in the anti-leukemic action of these epigenetic agents.
Conclusions
In conclusion, the reversal of the "triple lock" mechanism of epigenetic gene silencing with specific agents that target DNA methylation, histone methylation, and deacetylation holds great promise for the treatment of AML. This combination therapy can reverse the key epigenetic aberrations that take place during leukemogenesis, and it has the capacity to eradicate the proliferative potential of leukemic stem cells. Additional research will clarify the importance of this interesting epigenetic therapy and define its future role in the therapy of AML. 
Methods
Cell lines and materials
Growth inhibition and colony assay
The HL-60 and AML-3 cells were treated with the indicated concentrations of drugs. Following the drug treatment, a cell count was performed using the Beckmann Model Z Coulter Counter. For colony assay, the cells were placed in 0.3% soft agar medium containing 20% serum. The number of colonies (>500 cells) was counted after 14 and 21 days of incubation. The cloning efficiency was in the range of 60 to 70%.
Apoptosis analysis
Annexin V and propidium iodide (PI) staining were used to assess apoptosis and was determined using flow cytometry. The cells were treated as indicated. Twentyfour hours after the end of drug treatment, the cells were washed twice with cold PBS and resuspended in 1X Annexin V binding buffer (BD Biosciences Pharmingen). Then, 2 × 10 5 cells were mixed gently with Annexin V-FITC (BD Biosciences Pharmingen) and PI solution (Sigma-Aldrich), and incubated for 15 min in the dark at room temperature. The cells were suspended in 1X Annexin V binding buffer and staining was immediately quantified using a BD LSR Fortessa flow cytometer (San Jose, CA, USA), and analyzed with the BD DIVA (San Jose, CA, USA) software program. A minimum of 10,000 cells within the gated region was analyzed per measurement.
Cell cycle analysis
The cells were treated as indicated. After 48 h treatment, 4 × 10 6 cells were washed twice with cold PBS containing 1% FBS. After ethanol fixation (at least 12 h at 4°C), cells were washed twice with cold PBS. The pelleted cells were stained by adding PBS containing PI (SigmaAldrich) and RNase A (Amersham). Staining was achieved in the dark at 4°C for 3 h prior to flow cytometry analysis using a BD LSR Fortessa flow cytometer, and analyzed with the Tree Star FlowJo (Ashland, OR, USA) software program to model the cell cycle assays. Fluorescence data were collected using a 561 nm laser excitation, and emission was collected using a 610/20 filter. Fluorescence data were obtained from at least 10,000 viable cells per sample.
Analysis of gene expression
For quantitative PCR analysis, total RNA was reversed transcribed using the High Capacity cDNA Reverse Transcription Kit with random primers as described by the manufacturer (Applied Biosystems). The reaction mixture contained cDNA, specific primers for the target genes, Sybr green and TaqMan Fast Universal PCR Master Mix (Applied Biosystems). The ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) was used to detect the amplification level. All reactions were run in triplicate and the average Cts were used for quantitation. The endogenous control was the TATA-binding protein (TBP) gene. The relative quantification of the target genes was determined using the ΔΔCT method. (The primers used for PCR analysis are shown in Additional file 2: Table S2 ).
For microarray analysis of gene expression, at 24 h after the end of drug treatment, total RNA was isolated from AML-3 cells using the RNAeasy Mini kit (Qiagen). Reverse transcription was performed using the Total Prep RNA Amplification kit (Ambion). The cDNA synthesis and in vitro transcription amplification were followed by microarray hybridization using the Human HT-12 v.4.0 Expression BeadChip kit following the manufacturer recommended protocols (Illumina). Three samples were replicated and all clustered adjacent to one another and the expression intensities were averaged in the statistical analysis. The raw intensities were extracted with the gene expression module in Illumina's BeadStudio software. Expression intensities were log2 transformed and quantile normalized. A total of 30,442 with expression above background levels were retained for further analyses. Statistical analysis was performed using SAS 9.3 and JMP Genomics 6.1. Clustering analysis was done using the Ward method.
Additional files
Additional file 1: Table S1 . Excel file of gene expression by microarray analysis.
Additional file 2: Table S2 . Sequence of primers used for real-time PCR.
Abbreviations AML: Acute myeloid leukemia; 5-AZA-CdR: 5-aza-2'-deoxycytidine; DZNep: 3-deazaneplanocin-A; TSA: Trichostatin-A; TSG: Tumor suppressor gene.
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